Abstract: The adsorption of various kinds of ionic/nonionic actives, added in ophthalmological drugs (artificial tear, contact lens wetting solution, eye-drops, and eyewash) for over-the-counter (marketable drugs with no need of any medical prescription) , on soft contact lens (SCL) surfaces has been studied as a function of hydrophobicity of the actives. The common logarithm of the 1-octanol/water partitioning coefficient (AC_log P) has been used in order to normalize the hydrophobicity of the actives employed in this study. No significant adsorption occurs for relatively hydrophilic actives, whereas the adsorption rate is gradually increased with an increase in the hydrophobicity of the actives. This suggests that the adsorption is predominantly governed by the hydrophobic interaction of the actives with the SCL surfaces, although an electrostatic interaction plays an additional role for the adsorption. The most effective adsorption occurs in the following active-lens combinations: cationic actives the anionic and hydrated lens IV (methacrylic acid-based SCL); anionic actives the nonionic and hydrated lens II (N-vinyl pyrrolidone-based SCL); and nonionic actives the anionic and less-hydrated lens III (containing hydrophobic silicone monomers).
INTRODUCTION
A soft contact lens (SCL) is a polymerized hydrogel consisting of a base unit of 2-hydroxyethyl methacrylate (HEMA) and some monomer additives (such as N,Ndimethylacrylamide (DMA), N-vinylpyrrolidone (NVP), polyvinylalcohol (PVA) and methacrylic acid (MAA)). Recently, new SCL materials have been developed for SCL users in order to reduce drying of eye surfaces and hence to improve the feeling of a foreign body 1) . In particular, silicone hydrogel contact lenses have been of great interest because of their excellent oxygen permeability 2) . At present there are two types of ophthalmological drugs (including artificial tear, contact lens wetting solution, eye-drops, and eyewash) for over-the-counter (i.e. marketable drugs with no need of any medical prescription) in Japan 3) . One type is called either artificial tear or contact lens wetting solution: it is possible to use these drugs even when SCL is worn on the eyes. The other type is eye-drops and eyewash, which are not permitted to be dropped on SCL. The artificial tear (or contact lens wetting solution) generally contains inorganic salts, amino acids and water-soluble polymers and is able to reduce drying of eye surfaces (tear supplementation). At present, however, it is not permitted to add some active components (e.g. for itch, hyperemia and blurred vision) into the artificial tear because of some problems caused by the adsorption of the actives on SCL surfaces.
There are some reports concerning the adsorption of materials (including some base-components and preservative materials in natural/artificial tear) on SCL surfaces [4] [5] [6] . As expected, cationic actives (e.g. lysozyme in tear) are able to adsorb preferentially on anionic MAA-based SCL surfaces via an electrostatic interaction 5 ) and for hydrophobic actives (e.g. cholesterol in tear) the adsorption takes place more effectively on alkylmethacrylate with longer hydrocarbon chains than on shorter ones 6) . As far as we know, however, adsorption of actives in the ophthalmological drugs for over-the-counter on SCL surfaces has not been characterized in detail yet.
In the current work we have studied the adsorption of 18 species of actives on SCL surfaces as a function of hydrophobicity of the actives. The actives have been classified by their ionic character (i.e. cationic, anionic and nonionic) and the hydrophobicity has been normalized using the common logarithm of the 1-octanol/water partitioning coefficient (AC_log P): the values of AC_log P are calculated using the ALOGPs 2. grade) and propylene glycol (PG) (Azuma Co., Ltd., Japanese Pharmaceutical Codex). All the sample solutions were prepared using the Palitzsch's buffer solution 11) with no preservative chemicals. The typical content of the mother solution is as follows (in g / 100 mL): boric acid 1.1656, borax 0.1147, sodium chloride 0.31 and moderate amount of purified water.
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The actives were dissolved in the Palitzsch's buffer solution (see above) at the concentration shown in : the active concentration is set at the largest dose of either (i) the standard of approval for the manufacture of drugs for over-the-counter or (ii) the blending precedent of ophthalmological drugs, unless otherwise stated. In the case of very hydrophobic actives (retinol palmitate (VA) and 1-menthol (Men)), the two surfactants were used as a solubilizer in the initial dissolution step at the concentration of 0.2 g / 100 mL for HCO60 and of 1.0 g / 100 mL for PG, respectively.
A sheet of SCL was immersed in sample solution using a 10 mL glass vial and the adsorption was equilibrated with a fixed shaking rate of 30 swings per minute. The equilibrium concentrations of the actives were basically measured using high-performance liquid chromatography (HPLC), except l-menthol (Men, gas chromatography) and lysozyme hydrochloride (RZH, UV-Vis spectrophotometry). The analytical conditions are summarized in . Then, the adsorption rate was calculated according to the following equation:
Adsorption rate (%) = (C 0 C)/C 0 100 where C is the concentration of the actives measured after a fixed shaking period and C 0 is the active concentration determined from the blank test (i.e. sample solutions prepared at the same active concentrations were shaken for a fixed period without SCL). We note that the variation of the resultant data (3 CV = relative standard deviation 3) was estimated from repeated (6 times) experiments with the standard solution: 'a significant adsorption' is evidenced only when the adsorption rate is greater than the estimated 3 CV value.
RESULTS AND DISCUSSION
Before characterizing the adsorption of hydrophilic/ hydrophobic actives on various kinds of SCL surfaces, it is important to study effects of experimental conditions (such as equilibration time, temperature, solution volume, and active concentration in the solution) on the adsorption behavior.
shows the adsorption kinetics of a cationic active, chlorpheniramine maleate (CPM), on the typical four types of SCL surfaces. For all the cases the adsorption rate is dramatically increased within 1 hour, followed by a gradual increase with time. The adsorption equilibration is attained within 6 hours and no significant changes in the adsorption rate are observed after this equilibration period. On the basis of the experimental results shown here, the adsorption rates in the following experiments were measured after equilibration for 7 days.
shows the adsorption rate of CPM as functions of The experiments were performed under the following conditions: temperature = 37 , solution volume = 5 mL, and CPM concentration = 0.03 g /100 mL (0.03%). The 3 CV value was estimated to be 0.87 %.
adsorption rate is increased with increasing temperature, although the difference in the adsorption rate observed for a given SCL is in the range of experimental errors within the resolution (see ). It is generally accepted that adsorbed amount (based on physical adsorption) is increased with decreasing temperature. One reasonable interpretation for this general trend lies in the fact that physical adsorption is an exothermic reaction, and the other interpretation may arise from inactive molecular motion at lower temperatures. The trend observed in suggests, therefore, that the increased temperature may result in an increase in the effective surface area on SCL even though this is not supported by any experimental data at present. Additional information is given in and : the adsorption rate depends significantly on the solution volume (note that the number of sheets of SCL is always fixed at 1), but the concentration of CPM (at least within the concentration region investigated in this study) makes a negligible impact on the adsorption rate for a given solution volume. Hereafter the adsorption studies were carried out under the following conditions: equilibration time = 7 days, temperature = 37 (body temperature) and solution volume = 5 mL.
It has been reported that the adsorption of actives in tear on SCL is driven not only by the electrostatic interaction but also by the hydrophobic interaction 5, 6) . In the current study, these two factors have been considered separately in order to elucidate the complex adsorption behavior.
presents the adsorption rates of a cationic active CPM, an anionic active PPF (pranoprofen) and a nonionic active Men on the typical four types of SCL. One can see in this figure that the cationic active CPM is able to adsorb more effectively for the ionic lenses III and IV (i.e. more than 1 mol% ionic polymers) than for the nonionic lenses I and II (i.e. less than 1 mol% ionic polymers), suggesting that the electrostatic interaction is a key factor for driving the adsorption, as expected. This is also supported by the fact that the adsorption rate of the anionic active on the anionic lens IV is remarkably lower than that on the neutral lenses I and II. Interestingly, however, a significant adsorption is observed for the anionic active on the anionic lens III. to assume that the hydrophobic interaction also plays an important role for the adsorption. For the nonionic active the most effective adsorption occurs on the lens III presumably due to the strong attractive interaction with hydrophobic silicone monomers in/on the lens III. Clearly, all the experimental results shown here suggest that the adsorption is driven by the combined two interactions (i.e. electrostatic and hydrophobic forces), in a manner similar to the adsorption from natural tear.
shows the adsorption rate of ionic/nonionic actives on the selected SCL surfaces as a function of hydrophobicity of the actives (i.e. AC_log P, note that the greater hydrophobicity gives the larger AC_log P value). The active-lens combinations employed here are (a) cationic actives the anionic lens IV, (b) anionic actives the nonionic lens II and (c) nonionic actives the anionic lens III, respectively, in which the most effective adsorption is observed in . Apparently, for all the active-lens combinations (i) the adsorption rate is observed to be increased with increasing hydrophobicity of the actives and (ii) the adsorption is negligible for the greater hydrophilic actives. This is a piece of strong evidence that the hydrophobic interaction is a key factor for determining the adsorption, as mentioned above. One may notice, however, that the adsorption rate is remarkably low (or almost negligible) in the case of the very hydrophobic active (AC_log P = 12.82, VA) as . This is presumably due to solubilization of the active into the HCO60 micelle interiors. We have confirmed that no significant adsorption takes place for the solubilizers (HCO60 and PG) themselves to the lens III (data not shown).
We have also studied the adsorption of a cationic protein RZH on the anionic lens IV (data not shown). This protein contains three cationic amino acids (Arg, His and Lys) in the AC_log P range of 2.41
1.16, and these amino acids are not able to adsorb to the lens IV significantly (see ). Nevertheless, the adsorption rate of the cationic protein is measured to be 18.5%. Although it is not possible to calculate the AC_log P value of this particular protein, the hydrophobicity of the protein is expected to be greater than that of each amino acid component because of (i) the larger molecular weight (and hence the less water solubility), (ii) the presence of hydrophobic amino acid components in the protein and (iii) the greater inter/intra molecular hydrophobic interaction for stabilizing the protein 3-dimensional structures in solution 12) . The adsorption results suggest, therefore, that the hydrophobic interaction drives the adsorption predominantly (at least for this particular case), rather than the electrostatic attraction between the cationic actives and the anionic lenses.
On the basis of the adsorption results shown in , an adsorption mechanism is proposed as follows (see also schematic figures given in ). First of all, the adsorption is predominantly governed by the hydrophobic interaction between actives and SCL surfaces, and hence, is strongly dependent on the hydrophobicity of the actives. No significant adsorption occurs in the case of relatively hydrophilic actives as a result of their hydration. With an increase in the hydrophobicity of the actives, the adsorption rate is gradually increased, overcoming the repulsive hydration forces. As is seen in , however, the adsorption rate is now decreased when employing very hydrophobic water-insoluble actives (e.g. VA), presumably due to solubilization into solution micelles. Apparently, this adsorption model is applicable not only to nonionic actives but also to ionic ones, and in the latter case the electrostatic interaction assists the adsorption.
CONCLUSIONS
The adsorption of ionic/nonionic actives in ophthalmological drugs for over-the-counter on various types of SCL surfaces has been characterized as a function of hydrophobicity of the actives (AC_log P). The adsorption rate of the actives is measured to be generally increased with an increase in the hydrophobicity of the actives, meaning that the hydrophobic interaction drives the adsorption predominantly rather than the electrostatic interaction between the actives and the lens surfaces. When the hydrophobicity becomes too strong, however, solubilization into solution micelles takes place, and hence, the adsorption rate is dramatically decreased. The most effective adsorption occurs in the following active-lens combinations: cationic actives the anionic and hydrated lens IV; anionic actives the nonionic and hydrated lens II; and nonionic actives the anionic and less-hydrated lens III (contain- Fig. 4c ) and (b) the Cationic Active CPM on Various Kinds of SCL Surfaces (corresponding to the results given in Fig. 3 ).
